The autogenous deformation of Portland cement paste blended with 0%, 50% and 70% blast furnace slag (BFS) was measured by the Mini-Temperature Stress Testing Machine (TSTM) developed at Delft University of Technology. The experimental result shows that the autogenous deformation can be characterized by four stages. The cement paste first expands for a short time, and then undergoes a contraction. After a stable stage, the sample starts to contract again. At early age, the low reactivity of BFS leads to a slower hydration process and a smaller deformation. After the reaction of BFS is activated, the Portland cement paste blended with BFS shows a larger autogenous deformation than the pure Portland cement paste at later stages.
INTRODUCTION
One of the problems related to concrete is its early-age cracking. The early-age cracking is supposed to have a negative effect on the durability, the mechanical performance and the aesthetics of concrete structures. In general, the early-age cracking is mainly caused by thermal strains due to the hydration of cement, the autogenous deformation and the drying shrinkage. The autogenous deformation has been reported since the beginning of the 1900s [1] . The interest in it has been growing in recent years with the development of high strength concrete and high performance concrete.
According to Jensen and Hansen [2] , the autogenous deformation of hardening paste is defined as the bulk deformation of a closed, isothermal, cementitious material system not subject to external forces. In cement pastes, the reaction of cement clinkers with water causes the volumetric reduction named chemical shrinkage. Once the rigid skeleton of cement paste is formed after setting, the chemical shrinkage results in the formation from water-filled space to "empty" pores. With the consumption of water by the hydration of cement, the relative humidity in the pore structure decreases. This procedure is known as self-desiccation. The autogenous shrinkage is mainly caused by this relative humidity change, but the mechanism is still under discussion. There are three most often mentioned mechanisms, i.e. the capillary tension, the change of surface tension in the solid and the disjoining pressure [3] .
The autogenous deformation of cement pastes is influenced by many factors, such as the water/binder (w/b) ratio, the mineral composition of cement, the fineness of cement, the temperature and the blended materials. Because with lower w/b ratios the relative humidity decreases faster and the self-desiccation is larger [4] , the autogenous deformation could be larger. With the same w/b ratio finer cement with a higher C 3 A and C 4 AF content at higher temperatures shows a larger autogenous shrinkage [5] . The addition of silica fume and BFS leads to an increase in autogenous shrinkage [6] . On the other hand, the autogenous shrinkage of cement pastes with fly ash or limestone powder is low [6] .
The use of BFS in Portland cement is widespread in the Netherlands, because of its good durability, economical advantage and environmental benefit. As mentioned, the Portland cement paste blended with finely grinding BFS has a larger autogenous shrinkage than pure Portland cement pastes. Lura [7] summarized that the increasing autogenous shrinkage of BFS cement pastes results from the greater chemical shrinkage, the finer pore structure and the higher content of Al-rich CSH gel and AFm phase in BFS cement pastes. Up to now, the autogenous deformation of Portland cement pastes blended with BFS has not been studied extensively. In this paper, the autogenous deformation of Portland cement pastes blended with 0%, 50% and 70% BFS was measured.
A Mini-TSTM was developed at Delft University of Technology to accurately measure the autogenous deformation of cement pastes, as well as the development of shrinkage-induced stresses [8, 9] . Figure 1 shows the setup for autogenous deformation measurement. The advantage of this machine is that the cross section of the sample tested is reduced to 7.5×7.5mm. In this study, in order to explore the influence of BFS on the autogenous deformation, the heat evolution and the microstructure of Portland cement pastes blended with BFS were investigated by isothermal conduction calorimeter, mercury intrusion porosimetry and scanning electron microscopy. 
EXPERIMENTAL

Materials
In this study, CEM I 32.5R and BFS were mixed in the laboratory. The chemical compositions of CEM I 32.5R and BFS are given in Table 1 . The mineral composition of CEM I 32.5R, calculated with modified Bogue equation [10] , is 63.6% C 3 S, 9.7% C 2 S, 7.3% C 3 A and 9.7% C 4 AF. The Blain values of CEM I 32.5R and BFS are 283 m 2 /g and 420 m 2 /g. The densities of CEM I 32.5R and BFS are 3.15 g/cm 3 and 2.85 g/cm 3 respectively. The w/b ratio of 0.4 was chosen. The BFS contents in the Portland cement paste were 0%, 50% and 70% by weight. 
2.2
Mini-TSTM The Mini-TSTM tests were carried out at a room temperature of 20±3˚C. After CEM I 32.5R and BFS were mixed with water, the cement paste was cast into the Mini-TSTM machine in the shape of prism and sealed by aluminum foil. Figure 2 shows the specimen used for autogenous deformation measurement. Linear measurements of autogenous deformation were performed. The dimension of the cross section is 7.5x7.5 mm. The length, over which the strain is measured, is 37.5 mm. During the measurement the load on specimens was kept on zero, and the specimen can deform freely. A continuous measurement of autogenous deformation was collected by computer. 
2.3
Isothermal conduction calorimeter Isothermal conduction calorimeter tests were carried out by TAM Air 314 at 20˚C. Every measurement was started after 10 minutes after water mixing and lasted for 7 days. The first so-called "wetting" peak in the curves of the rate of heat evolution cannot be recorded. This peak lasts only for several minutes, and its heat evolution amounts to a few percent of total heat evolution of hydration. Thus, the influence of the first peak can be neglected.
2.4
Mercury intrusion porosimetry Portland cement and BFS were mixed with water in a HOBART ® mixer. Subsequently, the sample was rotated at a speed of 5 r/min in a room with the temperature of 20 ˚C for 24 hours. After sealed curing at 20 ˚C, the sample was split into small pieces around 1 g at 1, 3 and 7 days. The sample was dried by freeze-drying, because of the low damage of the pore structure of cement pastes [11] . The drying procedure was extensively described in [11] . The freezedried samples were used for mercury intrusion porosimetry measurement and BSE imaging.
The mercury intrusion porosimetry measurement was carried out on the freeze-dried samples at 16˚C. The maximum mercury intrusion pressure of 210 MPa was used. The relation between intrusion pressure P and the pore radius r was described by the Washburn equation based on a model of cylindrical pores [12] . The contact angle of 141˚ and the surface tension of 485 mN/m were assumed. Therefore, the information of the pores with the diameter larger than 0.0072 µm can be collected.
2.5
Scanning electron microscopy Before imaging, vacuum impregnation with a low-viscosity epoxy was used to stabilize specimens and increase the contrast of pores. Subsequently, the freeze-dried sample was cut with propanediol instead of water to avoid the further hydration of unhydrated cement particles and the dissolving of CH. After cutting, the sample was carefully ground by hand on the middle-speed lap wheel with p120, p220, p320, p500, p1200 and p4000 sand papers, and then polished on the lap wheel with 6, 3, 1 and 0.25 μm diamond paste. Each procedure took about 2 minutes. The final polishing was done with a low-relief polishing cloth.
The SEM image was obtained by the Philips-XL30-ESEM with the water vapor mode. The acceleration voltage of 15-20 kV was used. The magnification was 500X, and the image size was 1728×1027 pixel. For each sample, 12 images were captured, in order to achieve acceptable confidence of the results [11] .
RESULT AND DISCUSSION
Hydration process is a key factor to determine the chemical shrinkage and the relative humidity change in cement pastes [6] . The autogenous shrinkage is also influenced by the pore structure of cement pastes. Therefore, the hydration process and the development of pore structure will be discussed first. Figures 3 shows the rate of the heat evolution and the cumulative heat evolution of Portland cement blended with BFS at 20˚C with the w/b ratio of 0.4 in 72 hours. In the first 48 hours, the Portland cement blended with more BFS releases less heat, because of the low reactivity of BFS at the early age [13] . In other words, the addition of BFS results in a lower degree of hydration. It can be expected that in this early stage the consumption of water is higher and the drop in relative humidity is larger in Portland cement paste than in BFS cement paste. After 48 hours, the cement paste blended with BFS releases slightly more heat. It is because the reaction of BFS is activated by calcium hydroxide produced by the hydration of Portland cement [13] . Figure 4 shows the effect of BFS content on the pore structure of cement pastes at 1 and 3 days. The cumulative volume of pores increases with the increase in the BFS content. As mentioned, the addition of BFS results in a decrease in the overall degree of hydration and a corresponding reduction of the amount of hydration products. The pore size distribution of Portland cement pastes blended with 0%, 50% and 70% BFS is illustrated in Figure 5 . The differential curves show two principal peaks corresponding to capillary pore system and gel pore system respectively. The capillary pore is the empty or water-filled space between hydration products. The diameter of capillary pore varies from 10 nm to 10 µm. The gel pores are formed within the hydration products and have the size of 0.5 nm to 10 nm in diameter [14] . The gel pore diameter measured in this study is slightly larger and is about 20 nm. At 1 day, the pore structure mainly consists of larger capillary pores. As curing proceeds, the pore structure becomes finer. Up to 3 days, the amount and the size of capillary pores decrease, while the amount of gel pores increase. The addition of BFS results in a finer pore structure at 3 days. Both the capillary pore diameter and the gel pore diameter decrease as BFS content increases. (differential curves). Figure 6 shows the autogenous deformation of Portland cement pastes blended with 0%, 50% and 70% BFS. In this figure, positive values indicate expansion, and negative values indicate shrinkage. In order to describe the development of the autogenous deformation, these curves are divided into four stages as shown in Figure 6 . In the first stage, the sample expands for a short time. In spite measurements are carried out on the isothermal condition, the rapid reaction of cement with water could result in an increase in the temperature in the cement paste, and the cement paste thus tends to expand. In this stage, C 3 A is most active and reacts with gypsum to produce ettringite [15] . The formation of ettringite may be another cause of expansion [6] . Following, the cement paste starts to contract in stage II. A rapid development of shrinkage found in pure Portland cement paste is shown in Figure 6 . This stage is related to the acceleration stage of the hydration process. In this stage cement rapidly reacts with water and this reaction results in chemical shrinkage. Since the cement paste is still plastic, it undergoes a contraction. Before the end of the acceleration stage, the solid skeleton of hydration products is formed [16] . In stage III, from 15 hours to 40 hours, the deformation of cement pastes is relatively stable. After setting, the deformation of cement pastes is restrained by the rigid skeleton. Therefore, the chemical shrinkage leads to the formation of internal voids and the drop in relative humidity. In the last stage, the cement paste first expands slightly and then contracts. This expansion may be because of the secondary formation of ettringite and could also be a response of the sample to changes of the room temperature. The formation of ettringite can be confirmed by BSE images shown in Figure 7 . At 1 day, ettringite is not obvious, while a lot of ettringite is visible in the image of 3-day sample. This means that the primary formation of ettringite is from 1 day to 3 days. 
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3.4
Influence of BFS content on the autogenous shrinkage of BFS cement pastes In stage I, the expansion of samples with less BFS goes faster and reaches a larger value. The curves of heat evolution show that the addition of BFS results in a decrease in the heat evolution. Meanwhile, because of lower Portland cement content, the amount of formed ettringite is less. In stage II, the hydration of Portland cement pastes blended with more BFS is still slower, and thus the chemical shrinkage is lower. This can explain why the measured shrinkage of sample with 70% BFS is the smallest in this stage. In stage III, the deformation of Portland cement pastes is more stable than that of sample with BFS, and the BFS content influences the duration of this stage. In the last stage, the Portland cement paste with BFS shows a larger autogenous shrinkage, which is in agreement with Hanehara et al. [17] . This is because of the finer pore structure of cement pastes blended with BFS. According to the Kelvin equation, the relative humidity is lower in the finer pore structure [7] .
